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Announcements	  
§  I	  think	  everyone	  signed	  up	  for	  the	  video	  assignment	  
§  See	  revised	  syllabus	  
§  Lectures,	  upcoming	  assignments	  and	  exam	  

§  See	  project	  descripTon	  
§  CompaTbility/conflicts	  with	  your	  research	  
§  Overlap	  with	  other	  course	  projects	  

§ PS3	  to	  be	  posted	  by	  next	  Monday	  
§ ExpectaTons	  for	  exam(s)	  
§  Lecture	  content	  
§  HW	  assignments	  and	  concepts	  therein	  
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Recap:	  surface	  plasmon	  resonance	  (SPR)	  

should also note that several books and reviews have been
published recently on subjects closely related to those considered
in this paper.5

II. Plasmon Resonances for Small Spherical Particles
A. Dipole Plasmon Resonances. When a small spherical

metallic nanoparticle is irradiated by light, the oscillating electric
field causes the conduction electrons to oscillate coherently. This
is schematically pictured in Figure 1. When the electron cloud
is displaced relative to the nuclei, a restoring force arises from
Coulomb attraction between electrons and nuclei that results in
oscillation of the electron cloud relative to the nuclear frame-
work. The oscillation frequency is determined by four factors:
the density of electrons, the effective electron mass, and the
shape and size of the charge distribution. The collective
oscillation of the electrons is called the dipole plasmon
resonance of the particle (sometimes denoted “dipole particle
plasmon resonance” to distinguish from plasmon excitation that
can occur in bulk metal or metal surfaces). Higher modes of
plasmon excitation can occur, such as the quadrupole mode
where half of the electron cloud moves parallel to the applied
field and half moves antiparallel. For a metal like silver, the
plasmon frequency is also influenced by other electrons such
as those in d-orbitals, and this prevents the plasmon frequency
from being easily calculated using electronic structure calcula-
tions. However, it is not hard to relate the plasmon frequency
to the metal dielectric constant, which is a property that can be
measured as a function of wavelength for bulk metal.
To relate the dipole plasmon frequency of a metal nanoparticle

to the dielectric constant, we consider the interaction of light
with a spherical particle that is much smaller than the wave-
length of light. Under these circumstances, the electric field of
the light can be taken to be constant, and the interaction is
governed by electrostatics rather than electrodynamics. This is
often called the quasistatic approximation, as we use the
wavelength-dependent dielectric constant of the metal particle,
εi, and of the surrounding medium, εo, in what is otherwise an
electrostatic theory.
Let’s denote the electric field of the incident electromagnetic

wave by the vector Eo. We take this constant vector to be in
the x direction so that Eo ) Eox̂, where x̂ is a unit vector. To
determine the electromagnetic field surrounding the particle, we
solve LaPlace’s equation (the fundamental equation of electro-
statics), ∇2! ) 0, where ! is the electric potential and the field
E is related to ! by E ) -∇!. In developing this solution, we
apply two boundary conditions: (i) that ! is continuous at the
sphere surface and (ii) that the normal component of the electric
displacement D is also continuous, where D ) εE.
It is not difficult to show that the general solution to the

LaPlace equation has angular solutions which are just the
spherical harmonics. In addition, the radial solutions are of the

form rl and r-(l +1), where l is the familiar angular momentum
label (l ) 0, 1, 2, ...) of atomic orbitals. If we restrict our
considerations for now to just the l ) 1 solution and if Eo is in
the x direction, the potential is simply ! ) A r sinθ cosφ inside
the sphere (r < a) and ! ) (-Eor + B/r2) sinθ cosφ outside
the sphere (r > a), where A and B are constants to be
determined. If these solutions are inserted into the boundary
conditions and the resulting ! is used to determine the field
outside the sphere, Eout, we get

where R is the sphere polarizability and x̂, ŷ, and ẑ are the usual
unit vectors. We note that the first term in eq 1 is the applied
field and the second is the induced dipole field (induced dipole
moment ) REo) that results from polarization of the conduction
electron density.
For a sphere with the dielectric constants indicated above,

the LaPlace equation solution shows that the polarizability is

with

Although the dipole field in eq 1 is that for a static dipole, the
more complete Maxwell equation solution shows that this is
actually a radiating dipole, and thus, it contributes to extinction
and Rayleigh scattering by the sphere. This leads to extinction
and scattering efficiencies given by

where x ) 2πa(εo)1/2/λ. The efficiency is the ratio of the cross-
section to the geometrical cross-section πa2. Note that the factor
gd from eq 3 plays the key role in determining the wavelength
dependence of these cross-sections, as the metal dielectric
constant εi is strongly dependent on wavelength.
B. Quadrupole Plasmon Resonances. For larger particles,

higher multipoles, especially the quadrupole term (l ) 2)
become important to the extinction and scattering spectra. Using
the same notation as above and including the l ) 2 term in the
LaPlace equation solution, the resulting field outside the sphere,
Eout, now can be expressed as

and the quadrupole polarizability is

with

Note that the denominator of eq 8 contains the factor 3/2 while

Figure 1. Schematic of plasmon oscillation for a sphere, showing the
displacement of the conduction electron charge cloud relative to the
nuclei.
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§  ElectromagneTc	  charge	  density	  waves;	  surface	  plasmon	  resonance	  
(SPR)	  occurs	  when	  a	  resonance	  of	  the	  charge	  density	  wave	  matches	  
the	  frequency	  of	  the	  driving	  field	  

	  

experience many periods of the textured surface and thus display the
PBG phenomenon. We also note with interest that recent develop-
ments in the fabrication of periodic nanostructures via self-assembly
offer the prospect of easily producing SP PBG substrates to act as pho-
tonic substrates on which to define SP photonic circuits.

At frequencies within a bandgap, the density of SP modes is zero—
no SP modes can be supported. However, at the band edges, the SP
mode dispersion is flat and the associated density of SP modes is high,
corresponding to a high field enhancement close to the metal surface.
Further, the nature of this flat band means that such modes can be
excited by light that is incident over a wide range of angles, making
them good candidates for frequency-selective surfaces. Flat bands are
also associated with the localized SP modes of metallic nanoparti-

cles23,24. The frequency and width of these modes are determined by
the particle’s shape, material, size and environment23,25,26,  and for this
reason they are being pursued as tags for biosensing27,28 and as sub-
strates for SERS29 and potentially as aerials for fluorophores30,31. The
interaction between two or more nanoparticles can lead to still further
levels of field enhancement32–34,  with even more dramatic effects asso-
ciated with hot spots in random structures35. 

Mapping surface plasmons and developing components
The properties of SP devices are intimately linked to the activity and the
distribution of SPs on the metal surface. Much is still not known about
the relationship between surface topology and the nature of the SP
modes, and so a more detailed study of the details of this SP activity is
vital. Because of the way SPs are confined to the surface and because of
the subwavelength nature of the structures and fields involved, one
cannot rely on traditional far-field techniques. Instead near-field tech-
niques3,36 such as photon scanning tunnelling microscopy (PSTM) are
typically employed to map the fields on the metal surface, for example,
those of the SP waveguide in Fig. 1. A PSTM is basically a collection
mode scanning near-field optical microscope where the sample lies on a
glass prism, which enables one to shine light in total internal reflection.
The nanometre size tip, mostly obtained  by pulling an optical fibre,
which may eventually be coated with a metal, frustrates the total reflec-
tion when scanning close to the surface and thereby maps the near-field
intensities.

Surprisingly, as we enhance the capabilities of near-field techniques
further to map the SP fields into the subwavelength regime we come up
against an interesting variant of Heisenberg’s uncertainty principle.
Applied to the optical field, this principle says that we can only measure
the electric (E) or the magnetic field (H) with accuracy when the volume
!l3 in which they are contained is significantly smaller than the wave-
length of light in all three spatial dimensions. More precisely,
Heisenberg’s uncertainty principle binds E and Hof the optical wave to
!l through the cyclic permutation of their vector components (i,j),

"Ei"Hj!#c2/2!l4. (3)

As volumes smaller than the wavelength are probed, measurements
of optical energy become uncertain, highlighting the difficulty with per-
forming measurements in this regime. 

insight review articles
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SPs at the interface

between a metal and

a dielectric material

have a combined

electromagnetic wave

and surface charge

character as shown in

a. They are

transverse magnetic

in character (H is in

the y direction), and

the generation of

surface charge

requires an electric

field normal to the surface. This combined character also leads to the field component perpendicular to the surface being enhanced near the

surface and decaying exponentially with distance away from it (b). The field in this perpendicular direction is said to be evanescent, reflecting the

bound, non-radiative nature of SPs, and prevents power from propagating away from the surface. In the dielectric medium above the metal,

typically air or glass, the decay length of the field, !d, is of the order of half the wavelength of light involved, whereas the decay length into the

metal, !m, is determined by the skin depth. c, The dispersion curve for a SP mode shows the momentum mismatch problem that must be

overcome in order to couple light and SP modes together, with the SP mode always lying beyond the light line, that is, it has greater momentum

(#kSP) than a free space photon (#k0) of the same frequency $.

Box 1
Surface plasmon basics
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Figure 2 SP photonic bandgap. The
SP dispersion curve shown in Box 1
was directly imaged using a modified
prism coupling technique. a, The
dispersion curve (here shown as
inverse wavelength versus angle) for
a flat surface is shown in the upper
picture; here dark regions correspond
to coupling of incident light to the SP
mode, and the colours are produced
on a photographic film by the
wavelength of the light used. b, If the
metal surface is textured with a two-
dimensional pattern of bumps on an
appropriate length scale (roughly half
the wavelength of light) as shown in
this SEM, a bandgap is introduced
into the dispersion curve of the
associated SP modes. Bar, 0.7 %m.
c, The bandgap is clearly seen in the
lower picture where there is a spectral
region in which no SP mode (as
indicated by the dark regions) exists.
Also note the distortion of the SP
mode and the edges of the bandgap.

© 2003        Nature  Publishing Group
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Course	  outline	  
0:	  IntroducTon	  to	  nanotechnology	  
	  

1:	  ProperTes	  of	  nanostructures	  (“building	  blocks”)	  
	  

2:	  InteracTons	  among	  nanostructures	  
	  

3:	  Synthesis	  of	  nanostructures	  
	  

4:	  Assembly	  of	  nanostructures	  and	  property	  scaling	  
	  

5:	  Case	  studies	  and	  project	  presentaTons	  
	  à	  a	  manufacturing	  project	  
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Nanomanufacturing:	  top-‐down	  vs.	  bo=om-‐up	  

hEp://www.aist.go.jp/aist_e/aist_today/2007_23/nanotec/nanotec_02.html	  

àIn	  coming	  lectures,	  we	  will	  focus	  on	  boEom-‐up	  methods,	  
and	  we	  will	  emphasize	  their	  integra(on	  with	  top-‐down	  
methods	  

àRigorously	  quesTon	  the	  limitaTons	  of	  these	  methods	  for	  
true	  nanomanufacturing	  
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Today’s	  readings	  
Nominal:	  (ctools)	  
§ “FabricaTon	  methods”,	  excerpt	  from	  IntroducTon	  to	  
Nanoscience	  
	  à	  read	  as	  a	  survey	  

§ DARPA	  TBN	  BAA,	  pages	  1-‐10	  
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DARPA	  Pp-‐based	  nanofabricaPon	  (TBN)	  
§  “The	  primary	  goal	  is	  to	  develop	  the	  capability	  to	  fabricate	  
nanostructures,	  such	  as	  nanowires,	  nanotubes,	  and	  quantum	  dots	  
with	  nanometer-‐scale	  control	  over	  the	  size,	  orientaTon,	  and	  posiTon	  
of	  each	  nanostructure.	  With	  this	  capability,	  real	  technologies	  based	  on	  
nanowires,	  nanotubes,	  and	  quantum	  dots,	  as	  well	  as	  many	  other	  
nano-‐scale	  structures,	  should	  be	  possible	  for	  the	  first	  Tme.”	  
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DARPA	  TBN	  program	  
§  “For	  the	  purpose	  of	  this	  BAA,	  controlled	  nanomanufacturing	  is	  
defined	  as	  automated,	  parallel	  fabricaTon	  of	  individual	  nanostructures	  
with	  control	  over	  posiTon,	  size,	  shape,	  and	  orientaTon	  at	  the	  
nanometer	  scale,	  including	  the	  ability	  to	  fabricate	  devices	  with	  
controlled	  differences	  in	  size,	  shape,	  and	  orientaTon	  at	  different	  
posiTons.	  This	  capability	  should	  include	  the	  ability	  for	  in-‐situ	  detecTon	  
of	  the	  nanostructure	  posiTon,	  size,	  shape,	  and	  orientaTon,	  and	  the	  
ability	  to	  repair	  or	  re-‐manufacture	  structures	  as	  needed.”	  



©2010	  |	  A.J.	  Hart	  |	  10	  

DARPA	  TBN	  program	  
§  “Presently,	  controlled	  nanomanufacturing	  is	  not	  possible.	  There	  have	  
been	  numerous	  demonstraTons	  of	  the	  capability	  to	  grow,	  deposit,	  or	  
manipulate	  nanostructures	  in	  recent	  years,	  but	  these	  all	  suffer	  from	  
significant	  deficiencies	  when	  viewed	  against	  the	  above	  stated	  goal.	  	  
§  For	  example,	  dense,	  aligned	  “forests”	  of	  carbon	  nanotubes	  can	  be	  grown,	  

even	  with	  pre-‐growth	  lithography	  to	  define	  the	  regions	  of	  growth.	  This	  
technique,	  however,	  cannot	  controllably	  grow	  individual	  nanotubes,	  or	  
control	  their	  orientaTon	  or	  dimensions.	  	  

§  There	  are	  examples	  of	  quantum	  dot	  growth	  from	  catalyst	  seeds	  with	  the	  
potenTal	  to	  create	  large	  arrays	  with	  high	  uniformity.	  There	  is	  no	  ability,	  
however,	  for	  controlled	  manufacturing	  of	  paEerned	  arrays	  of	  2	  different	  
quantum	  dots,	  and	  there	  is	  no	  ability	  to	  repair	  the	  nonuniformity	  that	  
typically	  arises	  from	  these	  growth	  processes.	  	  

§  There	  are	  examples	  of	  methods	  for	  capturing,	  manipulaTng,	  and	  placing	  
individual	  nanowires	  into	  arrangements	  needed	  for	  device	  construcTon,	  
but	  these	  are	  very	  slow,	  rely	  on	  a	  nearby	  “cache”	  of	  suitable	  sizes	  and	  
shapes,	  and	  very	  challenging	  methods	  for	  manipulaTon,	  metrology	  and	  
repair.	  	  

§  None	  of	  the	  presently-‐emerging	  approaches	  appear	  to	  provide	  a	  path	  to	  
controlled	  nanomanufacturing.”	  
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DARPA	  Pp-‐based	  nanofabricaPon	  (TBN)	  

§  What	  are	  our	  current	  capabiliTes?	  
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DARPA	  TBN	  program	  
§  “…addiTonal	  features	  that	  provide	  interesTng	  or	  unexpected	  
advantages	  in	  controlled	  nanomanufacturing	  
§  provide	  structure-‐by-‐structure	  control	  over	  other	  characterisTcs	  of	  

nanostructures.	  For	  example,	  the	  chirality	  of	  carbon	  nanotubes…	  
§  the	  ability	  to	  fabricate	  structures	  with	  controlled	  variaTons	  in	  other	  

properTes,	  such	  as	  conducTvity,	  crystallinity,	  crystal	  orientaTon…	  
§  methods	  that	  require	  minimal	  preparaTon	  of	  the	  substrate;	  and,	  

approaches	  which	  can	  be	  carried	  out	  on	  ordinary	  widely	  available	  
substrates	  are	  preferred	  over	  approaches	  that	  require	  unusual	  
materials,	  crystal	  orientaTons,	  or	  complicated	  topographies.	  

§  approaches	  which	  are	  compaTble	  with	  the	  presence	  of	  pre-‐exisTng	  
structures	  or	  devices,	  such	  as	  foundry	  CMOS.	  	  

§  approaches	  that	  can	  minimize	  the	  separaTon	  between	  preexisTng	  
CMOS	  and	  nanomanufactured	  structures,	  and	  is	  especially	  
interested	  in	  approaches	  that	  can	  build	  interconnects	  between	  
CMOS	  and	  nanostructures.	  
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“Top-‐down”	  methods	  
§ Begin	  with	  bulk	  materials	  (top)	  that	  are	  subsequently	  
reduced	  into	  nanostructures	  (down)	  by	  way	  of	  physical,	  
chemical,	  or	  mechanical	  processes.	  

§ Examples	  
§  Mechanical	  

§  Milling	  
§  Extrusion	  
§  Grinding	  

§  Thermal/chemical/high-‐energy	  
§  EvaporaTon,	  spuEering,	  ablaTon	  
§  ReacTve/chemical	  etching	  
§  CombusTon	  
§  SonicaTon	  

§  PaEerning	  methods	  
§  OpTcal	  and	  physical	  lithography	  
§  Tip-‐based	  fabricaTon	  
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The	  simplest:	  ball	  milling	  

§ There	  are	  many	  “different”	  energeTcs	  at	  work	  here:	  
deformaTon,	  bond-‐breaking,	  thermal	  

Hornyak,	  DuEa,	  Tippals,	  Rao.	  	  IntroducTon	  to	  Nanoscience	  

Si	  
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Arc	  discharge	  producPon	  of	  CNTs	  

Harris,	  Carbon	  45:228,	  2007.	  
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Laser	  ablaPon	  producPon	  of	  CNTs	  

Harris,	  Carbon	  45:228,	  2007.	  
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Lithography	  

Mask	  vs.	  direct	  
write	  (serial	  
vs.	  parallel)	  

Type	  of	  
radiaTon	  

(light,	  UV,	  X-‐
ray,	  e-‐beam)	  

Hornyak,	  DuEa,	  Tippals,	  Rao.	  	  IntroducTon	  to	  Nanoscience	  
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(silicon	  wafer)	  
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Immersion	  lithography	  
§ Enhance	  resoluTon	  by	  placing	  a	  liquid	  medium	  between	  
lens	  and	  sample	  
§  Liquid	  has	  a	  high	  refracTve	  index.	  	  
§  Must	  have	  low	  absorpTon	  at	  the	  chosen	  wavelength	  (e.g.,	  193	  nm).	  
§  Must	  be	  compaTble	  with	  lens	  and	  photoresist,	  and	  not	  contaminate.	  

hEp://www.almaden.ibm.com/st/chemistry/lithography/immersion/	  	  

NAmin
λkW =

Constant	  (<1)	  X	  
wavelength	  

Numerical	  aperture	  
(>	  1)	  or	  refracTve	  
index	  
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E-‐beam	  lithography	  
§ Use	  an	  electron	  beam	  instead	  of	  light	  
§ PracTcal	  resoluTon	  limited	  by	  electron	  scaEering	  of	  the	  
photoresist;	  linewidths	  <20	  nm	  and	  energies	  10-‐50	  kV	  

§  Inherently	  a	  serial	  process	  (slow);	  maskless	  
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CNT	  microstructures	  vs.	  individual	  CNTs	  

Hofmann	  et	  al.,	  Appl.	  Phys.	  A	  81:1559,	  2005.	  
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Focused	  ion	  beam	  (FIB)	  milling	  

hEp://commons.wikimedia.org/wiki/Image:Fib_tem_sample.jpg	  
Reyntjens	  and	  Puers,	  J.	  Micromechanics	  and	  Microengineering,	  11:287-‐300,	  2001.	  
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Moore’s	  law	  

hEp://en.wikipedia.org/wiki/Moore's_law	  	  
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Moore’s	  law	  

hEp://www.intel.com	  	  
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Nanoimprint	  lithography	  

§  Stamp	  fabricaTon	  and	  
resist	  properTes/flow	  are	  
limitaTons	  

§  Features	  <5	  nm	  have	  
been	  demonstrated	  



©2010	  |	  A.J.	  Hart	  |	  27	  

ConPnuous	  nanoimprint	  lithography	  

Ahn	  and	  Guo,	  ACS	  Nano	  3(8):2304-‐2310,	  2009.	  
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ConPnuous	  nanoimprint	  lithography	  

Ahn	  and	  Guo,	  ACS	  Nano	  3(8):2304-‐2310,	  2009.	  
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Two-‐photon	  absorpPon	  (TPA)	  
§ PhotomodificaTon	  of	  a	  polymer	  mixture	  that	  will	  be	  
modified	  upon	  exposure	  to	  two	  photons,	  not	  one	  

§ Typically	  uses	  fast	  (∼fs)	  laser	  pulses	  
§ The	  nonlinear/threshold	  nature	  of	  this	  effect	  enables	  sub-‐
wavelength	  resoluTon	  

§ The	  laser	  can	  be	  focused	  into	  the	  depth	  (3D)	  of	  a	  material	  

Kawata	  et	  al.,	  Nature	  412:697-‐8,	  2001.	  
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hEp://www.laser-‐zentrum-‐hannover.de/en/fields_of_work/material_processing/img/nano-‐spinnen.jpg	  
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PosiPoning	  individual	  atoms	  

hEp://www.youtube.com/watch?v=BUq2bQkL1zo&feature=player_embedded#	  	  
hEp://www.sciencemag.org/cgi/content/abstract/319/5866/1066	  	  
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PosiPoning	  individual	  atoms	  

“Atom
”	  hEp://www.wired.com/gadgetlab/2009/09/gallery-‐atomic-‐science/	  
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Dip-‐pen	  nanolithography	  (DPN)	  

Mirkin	  group,	  Northwestern;	  Nano-‐Ink	  
hEp://www.nature.com/nnano/journal/v2/n3/full/nnano.2007.39.html	  	  
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Dip-‐pen	  nanolithography	  (DPN)	  

hEp://www.nature.com/nnano/journal/v2/n3/full/nnano.2007.39.html	  
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“Bo=om-‐up”	  methods	  
§ Begin	  with	  atoms	  and	  molecules	  (boEom),	  which	  react	  
under	  chemical	  or	  physical	  circumstances	  to	  form	  
nanostructures.	  

§ Examples:	  
§  Chemical	  vapor	  deposiTon	  (CVD);	  atomic	  layer	  deposiTon	  (ALD)	  
§  Crystal	  growth	  
§  Self-‐assembly	  

§  Building	  blocks	  
§  InteracTons	  
§  Applied	  forces	  

§  Biological	  methods	  

§ Hybrids…	  
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Where	  is	  the	  crossover?	  
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Growth	  of	  nanotubes	  and	  nanowires	  

Substrate/support

Growth

Nanostructure

Catalyst

AnBm
A

Precursor
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Electric	  field-‐directed	  growth	  of	  CNTs	  

à	  Alignment	  force	  vs.	  thermal	  vibraTon	  
Zhang	  et	  al.,	  Applied	  Physics	  LeEers	  79,	  2001	  
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Zhang	  et	  al	  Appl	  Phys	  Le9	  79,	  2001	  
Homma	  et	  al	  Appl	  Phys	  Le9	  88,	  2006	  
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Templated	  self-‐assembly	  

hEp://doi.wiley.com/10.1002/adma.200502651	  	  
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Molecular	  recogniPon	  using	  DPN	  pa=erns	  

hEp://www.nature.com/nnano/journal/v2/n3/full/nnano.2007.39.html	  
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Placing	  parPcles	  in	  gaps	  by	  electrophoresis	  

§ 	  MoTon	  is	  diffusive	  (Brownian)	  far	  from	  gap	  	  
§ 	  Substrate-‐parTcle	  repulsion	  dominates	  at	  low	  voltage	  
§ 	  “DEP	  region”	  grows	  and	  dominates	  at	  high	  voltage	  

Barsoy	  et	  al.,	  Small	  3(3):488,	  2007.	  

“An alternating current is used to create a gradient of electrical field that 
attracts particles in between the two leads used to create the potential. 
Assembly is achieved when dielectrophoretic forces exceed thermal and 
electrostatic forces; the use of anchoring molecules, present in the 
gap,improves the final assembly stability.” 



©2010	  |	  A.J.	  Hart	  |	  44	  Barsoy	  et	  al.,	  Small	  3(3):488,	  2007.	  

V	  =	  1.5	  V	  à	  2V	  à	  3V	  

g	  =	  30	  nm
	  à

	  80	  nm
	  à

	  125	  nm
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Dielectrophoresis	  for	  posiPoning	  CNTs	  

Vijayaraghavan	  et	  al.,	  Nano	  Le9,	  V.7	  No.	  6,	  1556-‐1560,	  2007.	  
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Some	  important	  consideraPons	  
§ Alignment	  
§ Registry	  
§  Specificity	  and	  strength	  of	  interacTons	  
§ Defect	  density	  
§ Process	  compaTbility	  (chemistry,	  temperature)	  
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